One contribution of 18 to a discussion meeting issue 'The Rhynie cherts: our earliest terrestrial ecosystem revisited'. Photolithotrophic growth on land using atmospheric CO 2 inevitably involves H 2 O vapour loss. Embryophytes greater than or equal to 100 mm tall are homoiohydric and endohydric with mass flow of aqueous solution through the xylem in tracheophytes. Structural details in Rhynie sporophytes enable modelling of the hydraulics of H 2 O supply to the transpiring surface, and the potential for gas exchange with the Devonian atmosphere. Xylem carrying H 2 O under tension involves programmed cell death, rigid cell walls and embolism repair; fossils provide little evidence on these functions other than the presence of lignin. The phenylalanine ammonia lyase essential for lignin synthesis came from horizontal gene transfer. Rhynie plants lack endodermes, limiting regulation of the supply of soil nutrients to shoots. The transfer of organic solutes from photosynthetic sites to growing and storage tissues involves mass flow through phloem in extant tracheophytes. Rhynie plants show little evidence of phloem; possible alternatives for transport of organic solutes are discussed. Extant examples of the arbuscular mycorrhizas found in Rhynie plants exchange soil-derived nutrients (especially P) for plantderived organic matter, involving bidirectional mass flow along the hyphae. The aquatic cyanobacteria and the charalean Palaeonitella at Rhynie also have long-distance (relative to the size of the organism) transport.
Introduction
The Rhynie and Windyfield cherts have fossils of the sporophytes of seven polysporangiophytic embryophytes; the species for which there are most complete specimens suggest a height of 200-450 mm [1] [2] [3] , although the largest sporophyte (Asteroxylon mackiei) may have been partially procumbent, rather than having a vertical, aerial axis [4] . The different functions of below-ground and above-ground parts of polysporangiophyte sporophytes involve transport between the two parts. The above-ground parts are assumed to be photosynthetic with CO 2 acquisition from the atmosphere involving significant H 2 O loss. There are two reasons for this. One is that the occurrence of a diffusion pathway for CO 2 from the atmosphere to wet cell walls, with onward diffusion in solution to the autotrophic carboxylase ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco), implies a pathway for diffusion of H 2 O vapour from near-saturation adjacent to the wet cell walls to the less-saturated bulk atmosphere [5] . The other reason is that photosynthesis involves absorption of photosynthentically active radiation; the second law of thermodynamics dictates that some energy is dissipated in reactions occurring at a finite rate, and in the case of oxygenic photosynthesis, at least 60% of the absorbed light energy is dissipated, predominantly as the latent heat of evaporation of H 2 O or as convective heat loss [5, 6] . The H 2 O lost in transpiration in extant C 3 plants is about 500 g H 2 O per g plants dry matter increase, with much less required for hydration of growing tissues (about 10 g H 2 O per g plants dry matter increase) and as a substrate for excess of photosynthesis over respiration (about 1 g H 2 O per g plants dry matter increase) [5, 6] . This evaporated (transpired) H 2 O vapour is replaced, in the cases where preservation is adequate to show the relevant structures, by H 2 O moving inside the plant (endohydry) through dead cells in the xylem or, in Aglaophyton, xylem-like tissue. Additional endohydric H 2 O flux is needed for shoot growth, photosynthesis (minus shoot respiration) and fluxes of solutes out of the shoot through phloem or analogous tissues. Again where preservation is adequate, the photosynthetic structures have intercellular gas spaces, cuticle and stomata. Assuming stomatal functioning is as in extant seed plants (still a contentious issue: [7] [8] [9] ), the combination of endohydry, intercellular gas spaces, cuticle and stomata permit homoiohydry, i.e. the capacity to remain hydrated with limited soil H 2 O and/or a large evaporative potential of the atmosphere using stomatal closure, at the expense of limiting photosynthetic CO 2 assimilation. Under greater soil H 2 O supply and lower evaporative potential of the atmosphere stomata open and permit higher rates of photosynthesis [5] . Homoiohydry permits vegetative desiccation intolerance, although the constraints on plant structure and function attendant on vegetative desiccation tolerance, e.g. on plant height, are unclear [10] .
As well as the sporophyte phase of the embryophyte life cycle, the Rhynie chert also has free-living gametophytes that can be associated through their anatomy with some of the sporophytes [3] . Unlike those of any known extant plant, the Rhynie chert gametophytes have the suite of characters (endohydry, intercellular gas spaces, cuticle and stomata) that could permit homoiohydry.
This paper considers the long-distance transport in xylem and phloem, and functionally analogous tissues, in the Rhynie and Windyfield plants in the context of function, evolution and development. In addition, long-distance (relative to the size of the organism) transport in the Rhynie chert aquatic cyanobacteria and Palaeonitella, including the possibility of polar auxin transport (PAT) in Palaeonitella, is considered.
Background to long-distance transport of liquid H 2 O and solutes
The two possibilities for movement of H 2 O and solute in aqueous solution are diffusion, which allows independent movement of different solute species, and mass flow of solvent with solutes. Diffusion requires a (electro-)chemical concentration gradient and can only, granted biologically relevant electrical and/or concentration differences, operate at a biologically relevant rate over a limited distance of the order of a millimetre [5, 11] . By contrast, mass flow occurs without a necessary decrement in concentration and can, granted an appropriate energy source, potentially occur over much longer distances [5, [11] [12] [13] (table 1 ). In the case of cytoplasmic streaming, where energy input along the entire pathway is intrinsic to the mechanism, there is no mechanistic limitation on the length of the pathway ( ). For a given conductivity, the flux of H 2 O or solutes per area of pathway is 0.5% in the tallest trees (approx. 100 m; [22] ) of that in plants less than 0.5 m high, e.g. the sporophytes of the Rhynie embryophytes. The Rhynie chert sporophytes have a relatively low specific conductivity of the endohydric system, an often small fraction of the axis cross-sectional area occupied by the endohydric system, and the possibility of a smaller total driving force along the pathway. These factors mean that, in the Rhynie chert plants, it is likely that transport in the endohydric system is a constraint on plant growth [16, 17, 21, [23] [24] [25] . This possibility is amplified in the next section.
Long-distance apoplasmic movement in the xylem and related structures in embryophytes (a) Extant tracheophytes
The generally accepted mechanism of the flow of H 2 O and solutes from below-ground structures where H 2 O enters to the sites of H 2 O vapour loss in photosynthetic tissues is the cohesion-tension hypothesis [5, 14, 19] . The loss of H 2 O vapour decreases the water content of the transpiring cell and decreases the H 2 O potential. H 2 O extraction from the xylem down the H 2 O potential gradient decreases the pressure in the xylem (or equivalent) at the site of transpiration relative to that in below-ground structures, and thence in the soil [2, 5] , and H 2 O moves from the soil and up the xylem, driven by the pressure gradient. The height of the Rhynie chert sporophytes, and the radius of their xylem (or xylem-like) elements, is compatible with capillary rise as a mechanism of establishing a column of H 2 O, with contained solutes, in the conducting tissue [26, 27] . However, the movement of water up the xylem requires more than capillarity when there is a negative soil H 2 O potential as a result of the osmotic and/or matric potential components outweighing the positive atmospheric pressure potential [26] . The occurrence of xylem pressures less than 20.1 MPa means that the cohesion-tension mechanism rather than capillarity is involved in H 2 O flux up the xylem. However, capillarity is important in 'gas seeding' from a cavitated xylem element to the next element in the file [26, 28] . Capillarity is also essential in the escape of H 2 O vapour from aqueous solution-filled pores in the cell wall at the transpiratory cell wall-gas phase interface [26] where r is the radius (m), l the length of pathway (m) and h the dynamic viscosity (Pa s).
For a given pressure gradient, the flux per conducting element is linearly proportional to the fourth power of the radius of the conducting element, taking into account the constraint over a small fraction of the path by the much smaller radius of the pores in the cross-walls between conducting elements. For an assemblage of conducting elements, the flux (m 3 [16, 21, 32] .
An essential component of the high conductance of the xylem is programmed cell death during the development of xylem that greatly increases the hydraulic conductivity relative to live cells, and rigid cell walls that limit collapse of the elements under negative pressure [23] , as discussed further below in the context of the evolution of xylem. Also essential is the limitation of cavitation and embolism resulting from negative pressure in the xylem [23] , as also discussed below. There is also a comparison by Wilson [21] of calculations based on data on Aglaophyton and Asteroxylon from the Rhynie chert with calculations based on data from five species of the slightly younger trimerophyte Psilophyton (see also [4, 45] ). The calculations suggested to Wilson [21] that plants with high hydraulic conductivity with low resistance to embolism and plants with lower hydraulic conductivity but high resistance to embolism occurred approximately 410 to approximately 390 Ma (see also [46] ). These strategies should be considered in relation to the high atmospheric CO 2 concentration in the Lower Devonian, and the low density of stomata in the plants that is not outweighed in terms of low CO 2 conductance by large stomatal size [15,23,24,42 -44,47] . The low CO 2 conductance would still allow a substantial rate of photosynthesis per unit shoot area because of the high atmospheric CO 2 concentration, but with a high water use efficiency (g dry weight gain per g water transpired) and a significant, probably predominant, heat dissipation by convection rather than as the latent heat of evaporation [47, 48] .
These arguments suggest a low transpiratory H 2 O loss per unit shoot dry matter, or per unit plant dry matter gain, relative to extant plants. How this translates quantitatively into negative pressure in xylem/hydrome sap depends on the xylem/ hydrome conductance on a plant basis. At least, some Lower Table 2 . Maximum recorded speed of flow, flux based on the cross-sectional area of pathway and (where relevant) concentration of moving solute in xylem and phloem, and in cytoplasmic streaming in Glomeromycotina and in Charales. Calculation of cross-sectional area of streaming cytoplasm as a fraction of cross-sectional area of hyphae, and the concentration of Pi (as polyphosphate) being transported, assumes streaming cytoplasm is 0.5 of area, and 0.5 of the cytoplasm is streaming towards the plant [33] . e Calculation of pathway (streaming cytoplasm) cross-sectional area assumes a 0.95 Â 10 23 m diameter of cylindrical intermodal cells and a 10 25 m thick streaming cytoplasm [35, 36] , and half of the streaming cytoplasm moving in a shallow helix from mature tissue with net 24 h photosynthesis to the shoot apex with net 24 h respiration, i.e. 1.5 Â 10 28 m 2 per cell. The organic C flux from mature tissue with net 24 h photosynthesis to the shoot apex with net 24 h respiration is derived from Raven & Smith [37] and Raven [38] . . This calculated value is the difference between the upward and downward streams of cytoplasm. Ding et al. [41] found sucrose and glucose concentrations in streaming cytoplasm (mean of upward and downward streams) equal to 216 mol organic C m
23
, so the difference between the streams of 82 mol organic C m 23 can be readily accommodated.
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Devonian sporophytes have high hydraulic conductivity and low resistance to embolism or cavitation and, because xylem thickenings of the Rhynie plants are possibly unlignified, collapse of xylem elements [49] [50] [51] [52] .
(c) Programmed cell death in the development of xylem conducting cells
The loss of living cell contents is a vital component of the high hydraulic conductivity of xylem conducting cells [23] . The loss of the living cell contents is through programmed cell death, and the mechanism of the loss of the protoplast and its regulation is the subject of a significant body of research [19, [53] [54] [55] . Cell death, possibly programmed, occurs at the centre of the 10 mm thick thallus of a marine florideophyean red alga Cryptonemia sp. [56] . Apart from the absence of fossilized cell contents in the xylem (or xylem-like) cells of the Rhynie plants, there are no clues as to programmed cell death in the xylem of Rhynie plants, and our understanding of the phenomenon in extant plants is incomplete [19, [53] [54] [55] 57] .
(d) Evolutionary origins of lignin synthesis
Lignin is a three-dimensional rigid phenylpropanoid polymer that occurs in the walls of the conducting elements of xylem in most embryophytes. The earliest occurrence of lignin in fossils is from the Rhynie chert [49] , where the lignin was located in the outer cortex but not in the wall thickenings of the xylem. A major role for lignin in extant plants is in restricting the likelihood of collapse of xylem elements when the solution they contain is under negative pressure, as occurs during transpiration [16, 17, 23] . Lignin also has an important role in maintaining the posture of land plants under the influence of gravity and of wind, consistent with the location of lignin in the Rhynie plants. In addition to the fraction of lignin in the walls of conducting elements in xylem, the ratio of wall thickness to conduit radius is also a determinant of the possibility of collapse [16, 17] . As the tension in the cell wall is, for a given negative pressure in the xylem sap, directly proportional to the radius (m) of conduit, for a given cell wall composition, the likelihood of wall collapse is constant if the cell wall thickness (m) is directly proportional to the conduit radius, according to the Young-Laplace relationship [16, 17] . Emiliani et al. [58] consider the phylogeny of genes encoding phenylalanine ammonia-lyase, the enzyme catalysing the first step of the phenylpropanoid pathway. This gene is not found in the charophycean ancestors of lignified embryophytes, apart from the basal branching charophycean alga Klebsormidium flaccidum [59] . The gene encoding phenylalanine ammonia-lyase is also not found in chlorophycean, prasinophycean and trebouxiophycean (chlorophytan) green algae or in red (rhodophytan) algae [58] [59] [60] [61] [62] . Horizontal gene transfer from fungi or bacteria to a basal embryophyte has been proposed as the origin of the plant phenylalanine ammonia-lyase gene [58] . However, low molecular mass phenylpropanoids occur in charophycean (streptophytan) [23, 63, 64] and ulvophycean (chlorophytan) [65] [66] [67] green algae, and lignin has been found in a florideophycean red alga [68] . Furthermore, an enzyme activity that converts phenylalanine to trans-cinnamic acid and ammonia has been found in chlorophycean and trebouxiophycean green algae [23, 69] . The absence from nontracheophytes (other than K. flaccidum) of the genes for canonical phenylalanine ammonia-lyase and other enzymes of the early steps of the synthesis of low molecular mass phenylpropanoids suggests that as yet uncharacterized genes are involved, and further investigation is needed.
(e) Cavitation and embolism, and their reversal Cavitation occurs in water under tension when the liquid phase is nucleated, replacing liquid H 2 O initially by a vacuum containing equilibrium H 2 O vapour, and then by outgassing of dissolved gases [70] . Nucleation can be homogeneous (in the liquid phase) or heterogenous (at the cell wall-liquid H 2 O interface) [70] . An embolism results when dissolved gases have equilibrated with the gas phase in the conduit. Embolisms can also occur by entry of air (air seeding) from a cavitated, then embolized, xylem conducting cell to the adjacent conducting cell. Air seeding could also occur from intercellular gas spaces at transpirational termini (see §3(a)). In all cases, air seeding occurs through small pores in the relevant cell walls either as the largest of the natural range of sizes of cell wall pores or though pores produced by physical or biological damage [21, 70, 71] . Cavitation and embolism of individual elements progressively decreases hydraulic conductivity of the axis. This is also the case for implosion (collapse) of the conducting element under negative pressure such as occurs in the hydroids of mosses [52] . However, the structure of the xylem (or xylem-like structures) in the Rhynie chert embryophytes is closer to that of extant pteridophytes than to the mosses, and with increasingly negative potentials in the xylem, embolism or cavitation occurs before implosion [52] .
Cavitation and embolism that occurred when the xylem H 2 O potential was lower can be repaired when the xylem H 2 O potential is higher by movement of H 2 O into xylem elements by active transport of solutes [70] or, possibly, of water [72, 73] from adjacent living cells [74] . Roth-Nebelsick et al. [75] contrast the relationship of contact area between xylem and parenchyma cells in Rhynia gwynne-vaughanii with that in A. mackiei in the context of H 2 O supply from the xylem to the transpiring surface. These contact area differences are also relevant to the refilling of embolized or cavitated xylem elements. In considering the possibility of refilling of embolized or cavitated xylem (or xylem-like) elements in the Rhynie chert, it must be conceded that there is no clear evidence of refilling in extant pteridophytes [52] , although the anatomical arrangement of conducting elements and parenchyma resemble that of herbaceous flowering plants that are known to have embolism and cavitation repair [52] . As indicated in §3(a), the occurrence of surfactants in the xylem sap of several woody plants [29, 30] is a factor in the prevention, and reversal, of embolism.
(f ) Influence of lack of an endodermis on water and nutrient fluxes from the soil to the above-ground parts of endohydric plants
The below-ground (and above-ground) parts of the Rhynie chert endohydric plants lacked an endodermis, as is the case in the roots of extant Lycopodiales [76] . An endodermis occurs in roots (and some stems) of extant plants (except roots of Lycopodiales), as well as many fossils from the Upper Devonian [76] . The endodermal cylinder in more mature parts of extant roots, as a result of the suberisation of the lateral walls, enforces a symplasmic pathway [77] for water and hydrophilic solutes (e.g. ions, silicic acid, boric acid) through at least the endodermal part of the pathway rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20160497 from the soil to the xylem. An exception is the occasional passage cell in the endodermis that lacks cell wall suberization. The symplasmic transport of solutes from the root medium to the xylem has been modelled by Tyree [78, 79] . There are limited data on how extant Lycopodiales manage their shoot composition in the absence of an endodermis in the roots. One relevant dataset is that of Olivares et al. [80] who measured the content of Al, Ca, K and Mg in three Al accumulator plants collected from the same site. No significant differences were seen between the metals per dry plant matter of the lycophylls of a species of the Lycopodiales (no endodermis in their roots) and the fronds of two species of fern (with endodermis in their roots). This suggests no significant effect of the absence of an endodermis on the metal content of above-ground parts of the plant.
An alternative approach to determining the effect of the endodermis on water and solute transport is through mutants. Two categories of mutants of Arabidopsis are relevant [81] : one has overexpression of suberin in the Casparian strip (enhanced suberin 1 (esb1); [82] ), the other lacks a Casparian strip (schengen3 (sch3); [83] ).
Baxter et al. [82] found that esb1 with additional endodermal suberin had decreased photoperiod transpiration and increased water use efficiency of vegetative growth than wild type. Elemental accumulation in the shoot of esb1 relative to wild type was lower for Ca, Fe and Mn and higher for As, K, Mo, Na, S, Se and Zn; there were no significant changes for B, Cd, Co, Cu, Fe, Li, Mg, Ni and P. The lower Ca content of shoots is consistent with decreased possibility of apoplasmic fluxes from soil to xylem in esb1 for Ca 2þ , an ion with very limited symplasmic mobility [84, 85] ; the same could also be true of Fe 2þ and Mn 2þ [86] , although shoot Fe is not significantly decreased in esb1.
Pfister et al. [83] showed that the sch3 mutation had no effect on the rate of transpiration, but less root pressure is developed and less guttation occurs, as expected for the accepted role of the endodermis. The elemental content of leaves of the mutant is unchanged for B, Ca, Co, Fe, Mn, Mo, Na and Cu; there is a decrease in Zn in some experiments, while K shows a 1.4-3.0-fold decrease, Mg a 1.5-2.1-fold increase and Cs a 1.3-14-fold increase. These elemental content phenotypes are perhaps less marked than might be expected, and are not always the converse of the effects of the esb1 mutation where comparable data are presented.
While the focus here has been on the effect of the endodermis on solute fluxes from the soil to the xylem and hence the shoot in terms of nutrition, there could also be an effect of the ionic concentration in the xylem sap on xylem conductance to water and contained solutes [87] . The dependence of xylem conductivity on the concentration of KCl solution relative to deionized H 2 O suggests that the effect on xylem conductance is close to saturation at the ionic concentration of xylem during transpiration [87, 88] . More work is needed on the influence of the endodermis on xylem ionic composition and concentration in relation to determining xylem conductivity.
In conclusion, the natural absence of an endodermis from the roots of the Lycopodiales, and the modified root endodermes of the Arabidopsis mutants, provides the opportunity for further investigation of the role of the endodermis in extant plants. The information from such studies should help in interpreting the effect of the lack of an endodermis on the ecophysiology of the Rhynie chert sporophytes.
(g) Overview of how work on extant plants relates to the functioning and evolution of the endohydric conducting system of Rhynie sporophytes Endohydric movement of liquid H 2 O from the soil to the transpiring surface occurs in extant tracheophytes and some bryophytes [23, 24, 42, 43, 89] . Endohydry probably followed the evolution of homoiohydry, ectohydry being incompatible with the hydrophobic, wax-covered, external cuticle involved in homiohydry [23, 24, 42, 43, 89] . An essential aspect of homoiohydry is the absence of living cell contents from the file of cells forming the functional conduits, so the use of preexisting components of programmed cell death ( §3(c)) must have been an early component of producing the endohydric conducting system. The Rhynie chert fossils do not provide obvious clues as to the origins of the use of programmed cell death in producing their xylem and related hydromel structures. Lignin biosynthesis, conferring rigidity to the xylem wall of the Rhynie chert plants, was presumably a later acquisition, although the Rhynie chert plants may have lacked lignification of the circumferential xylem wall thickenings ( §3(d)). Limitation of cavitation and embolism in conduits under tension, and their repair, are also presumably later acquisitions; some anatomical features of the Rhynie chert sporophytes can be interpreted in terms of embolism repair ( §3(e)), but the resolution of fossilization does not give evidence [2, 90] at the small size scale (10 24 m diameter) of the xylem cell wall pores needed to prevent air seeding under trans-wall pressure gradients of less than 1.5 MPa [5] . Finally, the lack of endodermes in the Rhynie chert sporophytes ( §3(f)) can increasingly be functionally interpreted in terms of work on extant tracheophytes lacking root endodermes and tracheophyte mutants with altered endodermal structure and function.
Phloem (or leptome) structure and function in Rhynie and Windyfield embryophytes (a) Structure and function of phloem and related cells in Rhynie sporophytes
Symplasmic long-distance transport of dissolved organic carbon, and other nutrients, is polyphyletic in multi-cellular photosynthetic macrophytes [15] . Such transport occurs in the floridiophycean Rhodophyta, polyphyletically in Phaeophyceae, in mosses as leptome and as phloem in tracheophytes [15] . These symplasmic long-distance transport systems move photosynthate to sites where the organic carbon requirement exceeds local photosynthetic production. The Mü nch pressure flow mechanism seems to account for phloem transport in flowering plants and, more problematically, in other tracheophytes [18] [19] [20] . Table 2 shows the quantitative aspects of mass flow in the phloem of the root system of T. aestivum pruned to only one seminal root; with a flux of 0.11 mol organic C m 22 crosssection of pathway s 21 and an organic C concentration in the phloem sap of 9.5 Â 10 3 mol m
23
, the resulting speed is 1.7 Â 10 23 m s
21
. The speed is about 200 times that of cytoplasmic streaming.
The Mü nch mechanism requires a pressure gradient, generated by osmolytes added at the source end and removed at the sink end, and high conductance for mass flow through the end walls of sieve tube elements constrained by the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20160497 need for damage repair [18] [19] [20] . Some considerations of the evolution of phloem (e.g. [19, 91] ) do not mention the Rhynie and Windyfield chert (or other fossil) plants, but the analyses they contain are useful for constraining the functionality of putative phloem tissue in these plants [2, 90] [93] . However, we now know that proteins produced in companion cells (and probably other parenchyma cells for non-angiosperm conducting cells) can move through plasmodesmata to the conducting cells [92] and that most proteins have half-lives that are short relative to the lifetime of some phloem conducting cells [94] . It must be borne in mind that almost all of the data on interactions between conducting cells and symplasmically connected cells competent in protein synthesis comes from flowering plants. Cytoplasmic streaming is an alternative means of symplasmic transport with cyclic mass within cells and diffusive, not mass fluid flow, transport through plasmodesmata. The initial assumption is that limitation by organic C flux occurred by cytoplasmic streaming rather than diffusion through plasmodesmata [35, 36, 95] This analysis assumes that all of the organic C reaching the plasmodesmata at the downstream end of a cell moves symplasmically into the adjacent downstream cell. As organic compounds such as non-reducing di-and oligo-saccharides, polyols and amino acids are by far the predominant osmotic components in the phloem translocation stream of embryophytes, there would be about a 10-fold osmotic shrinkage of the cytoplasm comprising the return stream in cyclosis, with corresponding approximately 10-fold increases as the concentration of ions and proteins. This is exacerbated for protein function if all the inorganic ions are also transferred. Problems associated with such large variations in the composition of the streaming cytoplasm could be alleviated if only half of the organic (and inorganic) solutes in the streaming cytoplasm are transmitted symplasmically in each cycle; the assumption is made that only 10% of the organic C in the streaming cytoplasm is transferred in each cycle. This decreases the computed organic C flux on a cell cross-sectional area basis of 0.14 Â 10 23 to 0.07 Â 10 23 mol m 22 s
. This flux is less than 10 23 of the upper end of the flux along sieve tubes in flowering plants cited in table 2. The assumption made above that the flux in long-distance symplasmic transport is limited by the rate of cytoplasmic streaming was based on work on Chara corallina with very widely spaced plasmodesmatal arrays along the pathway largely consisting of giant cylindrical cells [35, 36] . However, what is known of cells in the 'phloem position' of the Rhynie chert embryophytes suggest much more frequent cross-walls with presumed plasmodesmatal arrays. The limited data show no effect of the cyclosis inhibitor cytochalasin on shortdistance symplasmic transport in flowering plants, suggesting limitation by transport through stomata [96] [97] [98] . If flux through plasmodesmata, rather than the rate of cytoplasmic streaming, limited long-distance symplasmic transport in Rhynie chert embryophyte sporophytes, the flux would have been less than the 0.07 Â 10 A partial solution for some plants could have been that the below-ground parts of the plant have a more local source of photosynthetic organic C than the vertical axes. There is a significant above-ground component, with stomata, of the horizontal axes of some of the Rhynie sporophytes (e.g. Aglaophyton majus, R. gwynne-vaughanii), although the horizontal axes of others (e.g. A. mackiei, Nothia aphylla) are below ground [99] . This potential partial solution was suggested by Phillips & DiMichele [100] and Boyce & DiMichele [101] as a means of supplying organic C to the stigmarian roots and rootlets of Carboniferous lepidodendrids. There is no secondary phloem in these plants with their unifacial cambium, and the primary phloem is destroyed during secondary growth producing only xylem. The perennial bases of abscissed leaves have stomata and were presumably photosynthetic, so that photosynthesis was maintained all the way down the vertical shoot. What of the organic C supply to the horizontally spreading stigmarian 'root' system, with their 'rootlets', of these plants? Phillips & DiMichele [100] and Boyce & DiMichele [101] suggest that 'rootlets', some of which appear to have been deployed into the air or the shallow water of the wetlands where the plants grew, could have provided a relatively local source of organic C for the below-ground structures. However, there are no hard data to support these speculations about organic carbon supply to basal structures in the lepidodendrids, or their extension to some of the Rhynie sporophytes. Furthermore, more data are needed on the role of rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20160497 photosynthesis in above-ground horizontal structures at the soil surface (e.g. runners) in extant herbaceous plants.
(c) Responses to limited phloem transport: supplementation by arbuscular mycorrhizal hyphae A second possibility for supply of organic C to below-ground parts of the plant is through fungal hyphae. However, the example of the occurrence of the arbuscules of arbuscular mycorrhizal (AM) fungi in both the vertical and horizontal axes of a sporophyte is the Rhynie plant A. majus [4, 99] , where the horizontal axis is above-ground and photosynthetic, so the mechanism in §4(b) could occur. However, the alternative of organic carbon flux through fungal hyphae is worth considering. Arbuscules of extant plants acquire organic C from the host plant [102] , and if 'intraradicular' coenocytic hyphae extend between vertical and horizontal parts, and if some of the organic C they move by cytoplasmic streaming is lost to horizontal plant parts rather than being carried on to 'extraradicular' hyphae that acquire nutrients (e.g. P) from the soil, this could be an additional source of organic C to horizontal parts of A. majus. However, there are cases (e.g. A. mackiei) where no arbuscular (or other) mycorrhizas have been found [3, 4, 103] . As there are no reports of arbuscules in photosynthetic shoots of extant tracheophyte sporophytes, there are no data on organic carbon flux from arbuscules in photosynthetic parts of the plant to below-ground parts of plants or to extraradicular glomeromycotinan hyphae. A further consideration for the proposed mechanism of organic C transfer by glomeromycotinan hyphae is problems with evolutionary stabilization of the organic C transfer component association between the glomeromycotinan and A. majus [104] .
(d) Responses to limited phloem transport: xylem transport to structures acropetal to the source of photosynthate
The other cases where there is an excess of respiration over photosynthesis are apical vegetative growing points, and sporangia. In this case, the xylem could move organic C from sites where there is net organic C production to sites of net organic C consumption, provided there are stomata at the sites of organic net organic C consumption as well as the sites of organic C production. An extreme extant case of acropetal organic C movement in the xylem is that of sugars in the sugar maple (Acer saccharum) when temperatures fluctuate around freezing [105] . However, organic compounds at lower concentrations are universal in xylem [106] .
(e) Overview of mechanisms of organic C transport in Rhynie chert sporophytes
The limited structural data supporting the presence of phloemlike tissue in the Rhynie chert sporophytes have led to searches for alternative means of supplying organic C to structures other than the parts of the shoots where photosynthesis is presumed to exceed respiration over a diel cycle. For horizontal axes, in situ photosynthesis is possible for the plants where the axis is above ground, and AM could be involved where these are present in the vertical shoots. However, neither of these mechanisms are possible in all of the Rhynie chert sporophytes.
Acropetal movement of organic C to sinks could involve the xylem, provided the occurrence of stomata permits transpiration in the sinks.
Long-distance transport in arbuscular mycorrhizal fungi
AM fungi (Mucoromycota: Glomeromycotina; [107] ) infect at least 80% of extant embryophytes where they are important in the uptake of inorganic orthophosphate (Pi) [102] . The same is probably the case for the well preserved, as arbuscules and hyphae inside and outside the plant, AM fungi in several embryophytes from the Rhynie chert [3, 4, 102, [108] [109] [110] . The Rhynie chert lycophyte A. mackiei lacks mycorrhizas [4] . The Rhynie chert sporophyte A. majus has arbusculelike structures and 'intraradicular' hyphae in both the vertical and horizontal (above-ground) axes; arbuscule-like structures also occur in its gametophyte phase Lyonophyton rhyniense [4] . The Rhynie chert embryophyte Horneophyton ligneri has two symbiotic members of the Mucoromycota, with arbuscules of the Glomeromycotina in the aerial parts, hyphae of the Mucoromycotina [107] in the below-ground parts [4] . This combination occurs in many extant embryophytes; some of these embryophytes are basal to the polysporangiophytes and so glomeromycotinan and mucoromycontinan symbioses probably predated the Rhynie and Windyfield cherts [4, 111, 112] . The Mucoromycotina are not considered further herein, because there seems to be no quantification of their cytoplasmic streaming and no evidence as to a role in acquiring resources from the soil.
The diffusion coefficient and concentration in solution of Pi are low in most soils, so diffusion from the bulk soil to roots and other multi-cellular below-ground structures is limited relative to the plant's requirement; the same is generally true of mass flow though soil with transpiratory water (see [113] ). Accordingly, the general mode of Pi acquisition in tracheophytes is by increasing the volume of soil accessed by plants and/or their symbionts that take up the Pi within diffusive range, and transfer of Pi by mass flow in root hairs of mycorrhizas [114, 115] . Root hairs can help to access more Pi, but AM fungi can access even more, because they have a larger surface area per unit volume (smaller diameter), are branched and live longer so they can extend further from the plant: with a growth rate of up to 3 mm d
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, the extreme extension from the plant of 0.25 m involves a lifetime of up to 80 days, an order of magnitude greater than the lifetime of root hairs ( [102, [116] [117] [118] ; but see [119] ). The parts of AM fungi within the plant are very well preserved in both the sporophyte (Aglaeophyton majus) and gametophyte (Lyonophyton rhynii) phases of a Rhynie chert embryophyte, and hyphae projecting from the plant are also known from the sporophytes [108, 110] . 'Mycorrhizal' implies fungi and roots, but the only true roots in the Rhynie chert plants were in the lycophyte A. mackiei, which lacks arbuscular mycorrhizas ( [4, 103] ; see also [120, 121] ). The arbuscules provide a large area over which Pi (and other soil-derived nutrients) moves from the AM to the plant and organic C moves from the plant to the AM.
One aspect of quantification of fluxes along AM hyphae is the speed of cytoplasmic streaming. , movement of organic C to the maximum 0.25 m from the plant to the hyphal apex, and phosphate in rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20160497 the opposite direction, would take 2 h. Cytoplasmic streaming in AM hyphae is inhibited by cytochalasin B, an inhibitor of (among other processes) actomyosin ATPases [34] . Fungi have three myosin classes: I, V and XVII [123, 124] . These myosins catalyse slower maximum rates of cytoplasmic streaming than is possible in streptophytes with class XI myosins associated with the gene families MyoB, MadA and MadB [125, 126] .
Another measure of fluxes along AM hyphae is the Pi flux along hyphae on a cross-sectional area of hyphae; Smith & Read [102] , typical of Pi fluxes at other membranes and much less than the area-based flux along AM hyphae [102] .
There are possibilities other than the actomyosin ATPase as the driving force for Pi transport along the hyphae. Ashford [127] points out the Pi fluxes to a host plant involving AM hyphae are inhibited by benomyl, a tubulin inhibitor, although the mechanism of inhibition of transport is not clear. The Pi flux along AM hyphae at high transpiration rates is 2.3 times that at low transpiration rates [34] . There are also suggestions of solute movement, driven by unknown forces, in hyphal vacuoles [102, 127] .
Cyanobacteria: long-distance transport and probable terrestrial origin
The basal extant cyanobacterium Gloeobacter lives epilithically on land [128, 129] , and there are many other terrestrial cyanobacteria [130] , and terrestrial cyanobacteria significantly predate the Rhynie chert [129, 130] . Thus, it is possible that the Rhynie chert cyanobacteria were secondarily aquatic. While terrestrial cyanobacteria are common, there are no known homoiohydric cyanobacteria. Long-distance transport needs to be related to the size of the organism. Oscillatoria-like cyanobacterial filaments up to a few millimetre long from the Rhynie chert [131] would have had, by analogy with extant oscillatorians, 'microplasmodesmata' connecting the cytosols of adjacent cells. While it has been suggested that the H þ electrochemical potential across the plasmalemma generated in an illuminated part of the filament could be transmitted to a darkened part and energize gliding motility there over a millimetre or more, Raven [132] has shown that such transmission is only likely to occur over a few micrometres. The Stigonema-like Rhynie chert fossils seem to contain heterocysts [133] . In extant heterocystous cyanobacteria, the heterocysts are the sites of N 2 fixation but do not assimilate CO 2 autotrophically, while the intervening 5-10 non-heterocyst cells carry out photosynthetic CO 2 assimilation but do not fix N 2 . Here, microplasmodesmata are involved in diffusive transport of organic C from the photosynthetically competent cells into the heterocysts and diffusive transport of fixed N from the heterocysts to the photosynthetically competent cells [134, 135] . The transport distance is generally less than 50 Â 10 26 m.
7. Charophyceae: long-distance symplasmic transport and possibilities of terrestrial life
Turning to the Charophyceae, the aquatic Palaeonitella (Charales) occurs in the Rhynie chert. Terrestrial members of the Charophyceae probably predated the Rhynie chert [130] , as well as cyanobacteria (see above) and members of the Chlorophyceae, Trebouxiophyceae and Ulvophyceae from the Chlorophyta, but not the Prasinophyceae [130] or, probably, the recently characterized Palmophyllophyceae [136] . There are no extant terrestrial Charales, and having most of their biomass contributed by very large cells militates against their occurrence on land as a result of problems with mechanical support using a hydrostatic skeleton and in supplying H 2 O to replace what is lost in transpiration. Palaeonitella cranii, a member of the Charales (Charophyceae, Streptophyta), has a main apically growing shoot comprising ecorticate large internodal cells, small parenchymatous nodal cells bearing whorls of 'leaves' as well as branches replicating the structure of the main shoot, multi-cellular rhizoids with characteristic oblique cross-walls [137, 138] . Paleonitella cranii shoots bear antheridia producing gametes, and the sediment contains the detached gyrogonites each containing a large egg [138] . Palaeonitella cranii was small, up to about 30 mm high [137, 138] , relative to many extant Charales. Despite its small size, it had rhizoids and 'shoot' apices whose functioning, by analogy with larger extant Charales such as C. corallina and Chara hispida ssp. major, involves longitudinal fluxes of organic C from mature cells to rhizoids and growing apices, and N and P from rhizoids to shoot, using a symplasmic pathway and cytoplasmic streaming [13, 15, [139] [140] [141] [142] [143] [144] .
Measuring the speed (m s
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) of movement of labelled solutes along the axis of a plant or alga is complex [145] , and estimates of the speed of solute movement along the axis of Charales have not used the latest mathematical procedures. Using the data and the methods of analysis used so far, the speed of movement of labelled solutes along the axes of the Charales is usually similar to the speed with which visible particles in the streaming cytoplasm moves [15, 140, 144] , which in turn is similar to the speed estimated by laser-Doppler methods. A small correction is needed for the helical path for cytoplasmic streaming relative to the speed of solute movement along the plant axis [15, 144] . However, these are cases in which label movement seems to exceed the speed of streaming [15, 144] . It is not clear if improved experimentation and/or data analysis could resolve this discrepancy. The agreement of the speed of movement of labelled solutes with that of cytoplasmic streaming is in accord with inhibition of both streaming and label movement by cytochalasin, an inhibitor of the acto-myosin mechanochemical motor. Raven [144] Two other discrepancies remain. One specific point relates to PAT, discussed further below, i.e. that although PAT occurs as at a similar speed to cytoplasmic steaming, when cytoplasmic streaming is completely inhibited by cytochalasin the PAT continues at the same speed [144, 146] 
Charophyceae: evolutionary origins of polar auxin transport
PAT is found in tracheophytes and mosses [150] [151] [152] . In these embryophytes, the transport occurs from the shoot apex acropetally using cell to cell transport, not through plasmodesmata, but by uncharged auxin entering parenchyma cells through transporters in the plasmalemma at the apical end of the cell, and auxin anions leaving through anion (PIN) transporters at the basal end of the cell, aided by the inside-negative electrical potential difference across the plasmalemma. PIN transporters occur in mosses, liverworts, possibly hornworts and in tracheophytes [152] . Presumably, this occurred in the Rhynie chert tracheophytes and 'almost tracheophytes'. Boot et al. [146] showed PAT in the haploid Charales, possibly using PIN-like auxin anion transporters at the basal ends of cells. However, Bennett [152] cautions that PAT in the Charales may not be homologous with that in embryophytes, and points out that the most recent molecular phylogenies have the Zygnematales (or Zygnematales plus Coleochaetales) rather than the Charales as the sister taxon to the embryophytes [153 -155] . Boot et al. [146] found that PAT had the same speed as cytoplasmic streaming, but PAT carried on at the same speed when cytoplasmic streaming was blocked by the acto-myosin inhibitor cytochalasin. Raven [144] compares PAT (cell cytosol-apoplasm-cell cytosol, apex to base, presumably related to polar location of transporters) with long-distance symplasmic transport of organic C (central photosynthesizing cells to rhizoids and shoot apices) and of N and P (from rhizoids to shoots) in the Charales. Presumably, PAT also occurred in Palaeonitella. Wang et al. [156] showed the occurrence of PAT in the florideophycean marine red alga Gracilaria lichenoides, but with no indication of whether PIN-like transporters are involved.
Conclusion
H 2 O vapour loss is an unavoidable consequence of photolithotrophic growth on land using atmospheric CO 2 . Embryophytes greater than or equal to 0.3 m tall are homiohydric and endohydric with mass flow of aqueous solution through the xylem in tracheophytes, and are usually desiccation intolerant in the vegetative state. The preservation of the Rhynie chert sporophytes provides sufficient structural detail to allow analysis of the hydraulics of H 2 O supply to the transpiring surface, and the potential for gas exchange with the Devonian atmosphere. This permits modelling of the flux of H 2 O in the soil-plant -atmosphere system, and of the flux of CO 2 in the plant -atmosphere system. The conductivity (m 2 Pa 21 s
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) of xylem of a Rhynie embryophyte is less than 1/100 of the highest values for extant xylem, with a continuum of values for other extant and fossil plants.
The high conductivity of xylem depends on programmed cell death during the development of the conducting cells. During transpiration, H 2 O is transported under tension, and the safety of such transport involves rigid cell walls and the possibility of refilling embolized or cavitated conducting elements when the plant water potential becomes less negative. In extant plants, lignin is the main contributor to the rigidity of the walls of xylem conducting elements; however, it seems that lignin in the Rhynie plants occurs in the outer cortex rather than in the xylem wall thickening. The phenylalanine ammonia-lyase essential for lignin synthesis was derived from horizontal gene transfer, although lower molecular mass phenylpropanoids occur in charophycean algae, and lignin occurs in a red alga, that lack canonical phenylalanine ammonia-lyase, and in vitro conversion of phenylalanine to cinnamate and NH 4 þ occurs in chlorophycean and trebouxiophycean green algal also lacking canonical phenylalanine ammonia-lyase. The absence of an endodermis in the Rhynie plants could constrain the regulation of supply of soil nutrients, via the xylem, to the shoots, although data on extant Lycopodiaceae (lacking root endodermis) and on mutants of Arabidopsis with modified endodermal suberisation do not give as great a change in the phenotype of the mutant plant as some models would suggest. An additional interaction between the ion and H 2 O fluxes through the endodermis and xylem transport that needs more investigation is the effect on xylem conductivity of ion concentration in the sap of xylem wall hydrogels. The phloem elements are the conduits through which the pressure-driven mass flow of organic solutes from the sites of photosynthesis to growing and storage tissues occurs in extant tracheophytes. However, the Rhynie embryophytes and coeval embryophytes show little structural evidence of phloem. An alternative mechanism of organic C transport is cytoplasmic streaming mass flow within cells and diffusion between cells through plasmodesmata cells in the 'phloem position'. However, the cyclosis-plasmodesmata mechanism gives a flux (mol organic C m 22 cross-section of transporting cells s 21 ) less than 1/1000 that of the highest reported phloem fluxes.
Some Rhynie embryophytes have glomeromycote arbuscular mycorrhizas. Extant arbuscular mycorrhizas explore and exploit a larger volume of soil than can plant structures, and take up soil-derived nutrients (especially P). The nutrients are exchanged for plant-derived organic matter; this quantified exchange involves bidirectional mass flow (cytoplasmic streaming) along the hyphae.
Cytoplasmic streaming is also a vital process in extant Charales up to 1 m long with their symplastically connected large internodal cells separated by small nodal cells transferring N and P taken up by rhizoids in sediments to the photosynthetic part of the algae, and in transferring organic C from structures where there is net photosynthesis over rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20160497 the diel cycle to shoot apices where there is net respiration over the diel cycle, and to the rhizoids where there is no photosynthesis. The Rhynie Palaeonitella is structurally very similar to extant Charales, and presumably used cytoplasmic streaming in the distribution of resources as is the case for extant Charales. Extant Charales have PAT with an enigmatic relation to cytoplasmic streaming; it is not clear if PAT in the Charales evolved independently of that in embryophytes, presumably including the Rhynie plants.
Data accessibility. This article has no additional data. Competing interests. We declare we have no competing interests. Funding. We received no funding for this study.
